Petroleum resources remain very important to the economic growth of several nations of the world even as oil price fluctuates in the current market today. The huge cost of exploration and exploitation of these resources makes it necessary for the attainment of high level of certainty in the methods adopted for its detection, quantification, planning and production. Mapping the right reservoir, understanding of reservoir characteristics most importantly; porosity, permeability, water saturation, thickness, and area extent of the reservoir, being able to reduce the uncertainties in these properties, making the right decision on when to inject water into the reservoir, where to locate these injectors and planning of where to drill new wells are very important factors that helps to determine the hydrocarbon reserves, cost of production and the degree of exploitation success rate and thus, needs to be treated with high level of certainty. This research work was, therefore, aimed at integrating several disciplines (Geologist, Reservoir Engineer, Well Engineer and Petroleum Economist) to carry out a detailed Field Development Plan (FDP) analysis for the reservoir in other to determine its success rate and economic viability. Simulations of three different cases of waterflood were analysed to decide the optimal development strategy to be applied to the field. Economic and sensitivity analyses were also carried out for all the cases suggested for the reservoir including the natural depletion case. Waterflood case 2 had NPV of $2,163,756,338 and the investment return of 47% and thus is recommended, since it is the best of all the cases.
Introduction
Exploration and exploitation of hydrocarbon involve huge investments and risk. It is, however, the aim of the industry to devise means of producing as much hydrocarbon as possible from any discovered field to ensure maximum returns from the investments. Thus, a good development plan is vital to achieve this aim. This involves reservoir simulation studies, where the performance of the reservoir is analysed at different recovery methods and production conditions to determine the optimum method that will produce as much crude as possible. This will guide in the design of surface facilities needed to handle the produced fluids. In addition, the feasibility of the project is examined through the use of economic and uncertainty models. These models incorporate the various cash out flows and cash inflows that may be encountered in producing the field and as well the fluctuating price of oil and gas.
The simulation study is done using a model of the reservoir. The static model creates a replica of the reservoir as it is in static condition. It contains models of the reservoir structure, shape, saturation, permeability, porosity, thickness, fluid contacts, and faults. The dynamic model incorporates the flow properties and behaviour obtainable in the reservoir. This thus involves a model of the reservoir fluid and rock behaviour with pressure change, the mobility of the fluid, well model, water influx model (for a water drive reservoir) and every other activity that affect the flow of the fluid from the subsurface to the surface. It is worthy to note that there are a lot of uncertainties involve in the simulation due to the heterogeneity of the reservoir. Thus, any model designed for reservoir simulation study most recognises this to represent the reservoir as much as possible.
The objectives of the work are:
• to build a static and dynamic model of the reservoir; • to use the built models to analyse the reservoir in terms of primary recovery using the existing wells; • to waterflood the reservoir either by drilling new wells or converting existing wells to an injector so as to yield maximum oil recovery; • to carry out economics and sensitivity analysis on the presented cases, and • to recommend the best method for field development plan.
Materials, methodology and results
The materials used in carrying this research work include the following:
• Reservoir top and base surface;
• well header information;
• SCAL porosity and permeability;
• unique well seed values; and • petrel RE software
Static model
The major reason of constructing a fit for purpose 3D geological or static model is to capture the heterogeneity and randomness within the reservoir to make some critical decision that will help in the development of the reservoir. This model can be built using different statistical algorithms such as Sequential Gaussian Simulation, Sequential Gaussian Random Function, Kriging, Co-Kriging etc. For this research work, the Sequential Gaussian Random Function was used to populate the data.
Constructing a fit for purpose 3D geological model is based on several factors such as: understanding of the geology of the area, the Environment of Deposition within the reservoir, etc. A simple 3D grid consisting of the top, mid, and base skeletal framework of the reservoir was built from the input top and base surfaces of the reservoir. Geological cells in which the continuos (petrophysical) properties will be populated were created through this process.
A conceptual variogram analysis was developed using the major and minor range information supplied. A normal distribution was used to distribute the data. The porosity model was then built using the conceptual variogram analysis and the Sequential Gaussian Random Function to populate the data. Five various porosity realizations were modeled using a unique seed number for each porosity models.
The net-to-gross model was populated using the calculator. A relationship between the core porosity and permeability data (transformation plot) was generated based on the existing relationship between porosity and permeability. This relationship was then used to populate the permeability model using the calculator. The water saturation was also populated using the relationship provided via the calculator.
Pillar gridding
The skeletal framework of the reservoir was generated from the simple 3D grid of the input surfaces (Fig. 1) . The generated skeletal framework serves as the reservoir architecture which consists of geological cells in which the reservoir properties are populated. Each of these geological cells holds a single value. The skeletal framework of the reservoir is made up of the top, mid, and base skeleton ( Fig. 2a-d) .
The skeleton framework of reservoir has a total grid cells of 45,000 (i.e., 25*36*50) and a total grid node of 49062 (i.e., 26*37*51) (Fig. 3) . The above result implies that the geological heterogeneities of the reservoir will be captured with grid resolution for the construction of a fit for purpose geological model.
Petrophysical model

Porosity model and net-gross model
The total porosity gives the ratio of pore volume to the total volume of the reservoir. This was modeled using the Gaussian Random Function Simulation algorithm. A conceptual variogram analysis was used to populate the property into the reservoir grid cells. Five realizations of the total porosity model (each having its unique seed number) were generated using the same algorithm and conceptual variogram analysis.
The total porosity model with seed number 2185421 shows that the reservoir (Fig. 4a) has a minimum porosity of 0.0702 and a maximum porosity of 0.3864. Regions with purple color indicate area with low porosity, while regions with orange color indicate area with high porosity. The model shows that the reservoir has an average total porosity (PHID) of 0.2262. This indicates that the reservoir is very porous.
The total porosity model with seed number 2148526 shows that the reservoir (Fig. 4b ) has a minimum porosity of 0.0729 and a maximum porosity of 0.3943. Areas with purple color indicate area with low porosity, while areas with orange color indicate area with high porosity. The model shows that the reservoir has an average total porosity (PHID) of 0.2231. This indicates that the reservoir is very porous.
The total porosity model with seed number 1987521 ( Fig. 4c) gives a minimum porosity of 0.0595 and a maximum porosity of 0.3282. Areas with purple color indicate area with low porosity, while areas with orange color indicate area with high porosity. The model shows that the reservoir has an average total porosity (PHID) of 0.2245. This indicates that the reservoir is very porous.
The total porosity model with seed number 963584 ( Fig. 4d) shows that the reservoir has a minimum porosity of 0.0689 and a maximum porosity of 0.3829. Areas with purple color indicate area with low porosity, while areas with orange color indicate area with high porosity. The model shows that the reservoir has an average total porosity (PHID) of 0.2231. This indicates that the reservoir is very porous.
The total porosity model with seed number 745256 ( Fig. 4e) shows that the reservoir has a minimum porosity of 0.0514 and a maximum porosity of 0.3796. Areas with purple color indicate area with low porosity, while areas with orange color indicate area with high porosity. The model shows that the reservoir has an average total porosity (PHID) of 0.2243. This indicates that the reservoir is very porous.
In general, the five realizations of porosity generated with different unique seed number have similar average porosity value of 22%.
The Net-gross model of the reservoir has an average of 0.87. This indicates that the volume of shale within the reservoir is 13%. Hence, based on the minimal amount of shale present within the reservoir, it can be concluded that the reservoir is clean. The reservoir also has an average effective porosity of 19%. This suggests the pore throats are well connected.
Permeability model
The core permeability data were plotted against the core porosity data (Fig. 5a ). Based on the research carried out in Section A, a relationship between the core permeability data and core porosity data was established. This relationship was then used to populate the permeability along the X, Y, and Z directions. The permeability model in the X-direction shows that the reservoir has a minimum permeability of 1031 mD and a maximum permeability of 36068 mD (Fig. 5b) . The average permeability within this reservoir is 10376 mD. This indicates that fluids can move properly within the pore spaces of the reservoir. The permeability model along both Y and Z direction is similar to the model along the X-direction. The only difference is that the permeability model along the Z-direction has a mean of 1037.6 mD.
Water saturation model
The water saturation model reveals that the reservoir has a minimum water saturation of 0.17 and a maximum water saturation of 1 (Fig. 6) . The average water saturation within this reservoir is 0.37. This indicates that the reservoir is 0.69 saturated with hydrocarbon. The reservoir at this level is saturated with both gas and oil. The model further revealed that the reservoir is saturated with 44% oil and 25% gas. The maximum water (irreducible water saturation) that the reservoir can retain without producing water is 15%. This can also be referred to as the connate water saturation. The irreducible water saturation value was read from the plot of depth against Sw at free water level.
Static volumetrics
The volumetric of the reservoir is presented in the table below (Table 1) . 
Dynamic model
Effect of pressure on crude oil properties
Oil viscosity The viscosity of crude oil decreases with decreasing pressure above the reservoir bubble point pressure and increases with decreasing pressure below the reservoir bubble point pressure (Fig. 7a) . This is because of the expansion of solution gas (which lightens the oil) with decreasing pressure above bubble point and liberation of the solution gas from the crude with decreasing pressure below the reservoir bubble point pressure.
Oil formation volume factor This is the ratio of volume of oil in the reservoir to its volume on the surface. It increases with decreasing pressures above bubble point, because the expanding solution gas causes increase in the reservoir oil volume, while it decreases with decreasing pressures below bubble point pressure, because the reservoir oil volume decreases with the liberation of the dissolved gas (Fig. 7b ).
Solution gas oil ratio
This is the measure of the volume of gas dissolve oil at a given pressure (Fig. 7c) . At pressures above bubble point, all gas in the reservoir remains dissolved in oil thus solution gas oil ratio remains constant.
At pressures below bubble point pressure, the dissolved gases are liberated from the oil. Thus, solution gas oil ratio decreases, because the volume of gas dissolved in oil decreases continuously as more gas are liberate from the oil with decreasing pressure.
Reservoir volume calculation
The volume calculated after initialization without aquifer and with aquifer is 265.37MMSTB.
Production prediction
Natural Depletion
Results from production prediction ran for a period of 20 years using the existing wells ( Fig. 8) with natural depletion are shown in the tables and figures below (Table 2) .
It can be observed that the reservoir pressure dropped suddenly in addition to an early decline in oil production rate. These indicate a weak aquifer thus a need to inculcate a pressure maintenance operation in the field development plan. The reservoir is saturated with a poor oil recovery factor of 13.2% in 20 years thus the pressure maintenance operation is to be started from the beginning of production to avoid increase in oil viscosity which will lead to lift problems and reduce oil sweep efficiency. Figure 9 shows the well performance. Pressure dropped suddenly in all the wells confirming a weak aquifer drive. Well LSBU_V03 had the earliest water breakthrough time and earliest decline in oil production rate. Water production in all wells increased abruptly after water breakthrough causing a sharp decline in oil production rate. Figure 10 shows a poor oil sweep, characteristics of high viscous oil, thus a pressure maintenance operation will not aid the sweep of the crude compared to a secondary recovery method. Waterflooding was selected instead of gas flooding, because the reservoir is saturated in addition to availability of water from the produced water. 
Depletion with waterflooding
The reservoir was depleted for 25 years with waterflooding operation (Fig. 11) . Irregular water flood pattern was chosen, because the existing well positions are irregular in addition to a highly irregular reservoir shape. Three different cases were proposed and analysed.
Case 1 Drilling two more producers and an injector. Thus the total number of wells is seven (6 producers and 1 injector) (Table 3) .
Case 2 Drilling two more producers and an injector with conversion of well LSBU_V04 to an injector. Thus the total number of wells is seven (5 producers and 2 injectors) ( Table 3) .
Case 3 Drilling three more producers and injectors with conversion of well LSBU_V04 to an injector. Thus total number of wells is eight (6 producers and 2 injectors). Waterflooding the reservoir increased recovery from the reservoir though with a very high water cut. Case 1 increased recovery compared to natural depletion but there was still a very sharp decline in reservoir pressure indicating the need for more injectors. Case 3 gave the highest recovery with a very low GOR and a fair reservoir pressure maintenance, while case 2 resulted in a good recovery with a very low GOR and the best reservoir pressure maintenance compared with all cases. 
Economic and sensitivity analyses
Basic economic concepts
Cash flow of a project is the net cash generated or expended on the project as a function of time. The time value of money is included in economic analyses by applying a discount rate to adjust the value of money to the value during a base year. Discount rate is the adjustment factor, and the resulting cash flow is called the discounted cash flow. In this project, two investment appraisal tools where used for the economic analysis. These are Net present value (NPV) and Internal rate of return (IRR).
Net present value
Net present value (NPV) of the cash flow is the value of the cash flow at a specified discount rate. It's obtained as the summation of all the present values of the entire cash flow incurred by the project. It serves as the measure of project net worth. This is expressed mathematically as;
where NPV cr = contractor net present value, NCF cr t = net cashflow at year t, i = interest rate, t = time in years.
Internal rate of return
The discount rate at which NPV is zero is called the discounted cash flow return on investment (DCFROI) or Internal rate of return (IRR). Its important investment appraisal tool that measures the average annual income expected to be generated from the project. It's given mathematically as;
Where IRR = internal rate of return. Below table stated the investment decision rule for NPV and IRR (Table 4) .
(1) 
Cash flow modelling
The cash-flow model was built using Microsoft Office Excel. The goal is to obtain the NPV and IRR for the development of the field. The cash flow of the development is simply the cash expanded over a defined period. The process of obtaining the cash flow starts with obtaining a production profile. From this, the revenue generated yearly is obtained and the cash spent yearly is also obtained. The cash received less cash spent is the Net Cash Flow.
Gross revenue
This is the amount of income generated per year on the sales of crude oil by the field operator. It is given as; Gross revenue per year (price escalating by 2% each year for this project) = (Annual oil production × Oil price) + (Annual gas production ×gas price.
Costs (capex and opex)
The two major costs associated with developing any type of oil fields are the Capital Expenditures (Capex) and Operating Expenditure (Opex).
CAPEX
These are capital intensive investments which are needed to exploit and produce oil. CAPEX spent in developing the field include geological and geophysical (G&G) costs, exploratory, appraisal, and development (infill) drilling costs, side tracking, workovers, surface/processing facilities, pipeline laying, preventive maintenance of production facilities and infrastructures, etc.
OPEX
This is operating expenditure and refers to the money required to operate and maintain the facilities, to lift the oil and gas to the surface; and to gather, treat and transport hydrocarbons. These costs are usually direct costs that are spent to run the operational activities of marginal fields which include production, processing and transportation cost. General and administrative cost is also an operating expenditure. Usually overheads take a huge chunk of OPEX. OPEX can either be fixed or variable cost. In this work fixed cost was used for OPEX.
In this research the cash flow models were successfully developed for all the 4 cases considered: natural depletion, waterflood case 1, waterflood case2, waterflood case3. The results for their respective NPV's are $275, 120, 228, $392, 353, 022, $2, 163, 756, 338, $1, 904, 051, 958 , while their internal rate of returns are: 30%, 35%, 47% and 38%. All the cases show that the investment at the four cases is profitable, since the NPV is greater than zero and the investment returns are also greater than the discount rate. Oil price{-10% to 10%}
Sensitivity analysis
Gas price{-10% to 10%}
Prod rate{-10% to 10%}
Opex{-10% to 10%}
Capex{-10% to 10%}
10% -10%
Tornado chart usually gives the oil firm a snapchat of the variable(s) to concentrate on more, so as to minimize the risk inherent in the project. When the oil and gas field was subjected to one-way sensitivity analysis, the results revealed that the oil price and the Opex have the greatest impacts on the field in natural depletion and case 1. While the oil price and the capex are the most influencial factors in case 2 and case 3. Also the changes in the gas price have a minor effect on the field NPV in all the cases been considered.
Conclusion
A fit for purpose geological model of the reservoir was constructed using a simple 3D grid. Geological cells into which the petrophysical properties were populated were generated via the 3D simple grid. Petrophysical properties were then populated into these cells using the conceptual variogram analysis, Sequential Gaussian Random Function, existing relationships and petrel calculator. Dynamic Simulation was then run on the static model. Existing wells were completed and development strategies on how to improve the recovery either by drilling new wells or converting existing wells into injectors were made.
A good field development plan integrates an in depth reservoir study and economic analysis tool. Thus, it involves a team of geologists, petrophysists, geophysists, well engineers, reservoir engineers, production engineers and economists.
Waterflooding increases recovery from the reservoir as can be seen the case study.
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